Summary: Preconditioning with sublethal ischemia induces tolerance to subsequent lethal ischemia in neurons, We inves tigated electrophysiologic aspects of the ischemic tolerance phenomenon in the gerbil hippocampus, Gerbils were subjected to 2 minutes of forebrain ischemia (preconditioning ischemia), Some of them were subjected to a subsequent 5 minutes of forebrain ischemia 2 to 3 days after the preconditioning isch emia (double ischemia), Hippocampal slices were prepared from these gerbils subjected to the preconditioning or double ischemia, and field excitatory postsynaptic potentials were re corded from CA I pyramidal neurons, Capacity for long-term potentiation triggered by tetanic stimulation (tetanic L TP) was transiently inhibited I to 2 days after the double ischemia but then recovered, Latency of anoxic depolarization was not sigBrief ischemia, which is not lethal in itself, induces tolerance to subsequent lethal ischemia in neurons (Kitagawa et aI., 1990; Kirino et aI., 1991). This phe nomenon was first found in pyramidal neurons of the hippocampal CAl sector using a forebrain ischemia model in gerbils. Subsequently, ischemic tolerance phe nomenon was found in various other regions of the brain using the same gerbil model and also was found in rat models of global and focal cerebral ischemia (Kitagawa 
nificantly different between slices from preconditioned gerbils and those from sham-operated gerbils when these slices were subjected to in vitro anoxia, Postanoxic potentiation of N methyl-D-aspartate (NMDA) receptor-mediated transmission (anoxic LTP) was inhibited in slices from gerbils 2 to 3 days after the preconditioning ischemia, whereas it was observed in slices from sham-operated gerbils and gerbils 9 days after the preconditioning ischemia, These results suggest that protection by induced tolerance is (I) not only morphologic but also func tional, and (2) expressed in inhibiting postischemic overactiva tion of NMDA receptor-mediated synaptic responses. Key Words: Brain slice-Cerebral ischemia-Excitatory postsyn aptic potential-Gerbil-Hippocampus-Ischemic tolerance Long-term potentiation.
et aI., 1991; Liu et aI., 1992; Simon et ai., 1993; Glazier et aI., 1994) . In the previous study by Kirino et ai. (1991) , a significant decrease in morphologic damage of CAl neurons was demonstrated in gerbil hippocampus 7 days after 5 minutes of forebrain ischemia when gerbils had been preconditioned with 2 minutes of ischemia 2 to 4 days beforehand. Protein synthesis and binding of vari ous neurotransmitters were preserved even after lethal ischemia when gerbils had been preconditioned (Kato et a!., 1992a (Kato et a!., , N akagomi et a!., 1993 Furuta et aI., 1993) . Although these results suggested the possibility that pre conditioning ischemia rescued CAl neurons from lethal ischemia, it remains undetermined whether surviving CA 1 neurons properly function. An activity-dependent change in synaptic efficacy in neuronal circuits of the brain has been considered as an electrophysiologic back ground of memory and learning. It is well-known that brief tetanic stimulation to the input fibers induces a long-term potentiation (L TP) of excitatory postsynaptic response in CAl neurons in the hippocampal slice prepa ration (Bliss and Collingridge, 1993) . We previously re ported loss of LTP in CAl neurons a few days after 5 minutes of ischemia in gerbil hippocampus (Kirino et aI., 1992; Tsubokawa et aI., 1992) . In the present study we examined capacity for L TP in hippocampal slices pre pared from gerbils that were subjected to double isch emia. The objective of the experiment was to evaluate the functional recovery of hippocampal CA I neurons protected by the preconditioning ischemia.
The mechanisms by which the preconditioning isch emia induces tolerance and the induced tolerance pro tects neurons are not fully understood. An important role of stress proteins such as heat shock proteins (HSP) and ubiquitin has been suggested (Kirino, et aI., 1991; Aoki et aI., I 993a, 1993b; Kato et aI., 1993; Nishi et a!., 1993) . Expression of HSP70 seems essential in ischemic tolerance since tolerance disappeared by the procedures which counteracted HSP70 (Nakata et aI., 1993) . However, other studies have demonstrated that the involvement of HSP, at least of HSP72, was less likely (Kato et aI., 1992c; Abe et a!., 1995; Kitagawa et a!., 1995) , whereas the role of other HSP and ubiquitin in ischemic tolerance remains elusive. Other genetic, bio chemical, and pharmacologic studies suggested the pos sible involvement of a variety of substances, such as superoxide dismutase (Ohtsuki et aI., 1992; Kato et aI., 1995) , adenosine and ATP-sensitive K+ channels (Heu rteaux et aI., 1995) , the oncogene bcl-2 (Shimazaki et a!., 1994) , and interleukin-l (Ohtsuki et aI., 1996) . However, little work has been done on the electrophysiologic prop erties in neurons that have acquired tolerance. It is known that when oxygen is deprived from hippocampal slices, anoxic depolarization occurs in the CA I area. La tency from oxygen deprivation to anoxic depolarization generally correlates reversely with intensity of neuronal damage (Somjen et aI., 1990, Haddad and Jiang, 1993) . If preconditioning ischemia protects neurons from dam age by affecting energy metabolism or membrane prop erties in the early phase of anoxic or ischemia injury, the latency of anoxic depolarization could change in hippo campal slices from preconditioned gerbils. Therefore, we compared latencies of anoxic depolarization during oxy gen deprivation in hippocampal slices that were prepared from preconditioned and sham-operated gerbils. Another electrophysiologic property associated with neuronal vulnerability is anoxic LTP, which was found in in vitro anoxia using the hippocampal slice preparation. Depri vation of oxygen from hippocampal slices resulted in a selective long-lasting potentiation of N-methyl-o aspartate (NMDA) receptor-mediated field excitatory postsynaptic potentials (fEPSP) and excitatory postsyn aptic currents (Crepel et aI., 1993a (Crepel et aI., , 1993b . The long lasting overactivation of NMDA receptors may cause a pathologic increase in the intracellular Ca 2 + concentra tion. A pivotal role of Ca 2 + entry via activated NMDA receptors in the process of ischemic neuronal injury has been well established (Choi, 1990; Ginsberg, 1995) . Thus, anoxic LTP may be a critical step in delayed postischemic neuronal death of CAl neurons. Therefore, we also examined anoxic LTP in hippocampal slices pre pared from gerbils with or without preconditioning isch emia.
MATERIALS AND METHODS

Animal treatments
Forebrain ischemia was produced in gerbils similarly to the previous morphologic studies from our laboratory (Kirino, et ai., 1991; Nakagomi, et a!., 1993) . Briet1y, male Mongolian gerbils (Meriones unguiculatus, 60 to 80 g) were subjected to preconditioning ischemia (2 minutes) in an awake condition using Tone's method (Tone et ai., 1987) . A nylon thread, which had been looped around the carotid arteries under halothane anesthesia on the previous day, was gently pulled and the bi lateral carotid arteries were occluded. The thread was only removed in the sham-operated group. In the double ischemia group, gerbils were anesthetized with halothane 2 or 3 days after the preconditioning ischemia and the carotid arteries were exposed and occluded for 5 minutes with Sugita aneurysm clips. During the operation, the cranial temperature was regu lated at 37.5° ± 0.3°C using a heating pad and lamp.
Hippocampal slice preparation and electrophysiologic recording
Transverse sections (300 to 400 fLm) were prepared by a previously described method Tsubokawa et ai., 1992) . The slices were maintained at 34° to 35°C, and were perfused (0.5 to I mUmin) with an artificial cerebrospinal fluid (ACSF) containing (in mmollL) NaCI, 124; NaHC03, 26; KCI, 5; KH2P04, 1.24; CaCI2, 2.4; MgS04, 1.3; and glucose, 10; The ACSF was equilibrated with 95% O2 and 5% CO2, Slices were kept in an interface chamber for at least 2 hours before experiments. Field excitatory postsynaptic potentials (fEPSP) were recorded extracellularly from the stratum radiatum of the CA l region with a glass electrode filled with the ACSF (I to 2 Mil). Direct current (DC) potentials were recorded simulta neously using the same electrode. Schaffer collateral and com missural afferents were stimulated (0.05 to 0.08 Hz) with bi polar platinum-iridium electrodes (tip diameter of 10 fLm) placed in the stratum radiatum. In experiments of tetanic LTP and anoxic L TP, fEPSP were continuously monitored before and after tetanic stimulation and in vitro anoxia, respectively. Records were digitized at 10 kHz and analyzed by an on-line computer to measure the maximal rate of the initial rise of fEPSP. The computed slope values were displayed as a con stantly updated time series, permitting the time course of syn aptic potentiation to be monitored accurately during experi ments. In experiments to examine anoxic depolarization and anoxic L TP, slices were subjected to in vitro anoxia. The per fusate was transiently changed to the anoxic-aglycemic me dium containing 10 mmol!L sucrose instead of 10 mmollL glucose, equilibrated with 95% N2 and 5% CO2, For examina tion of tetanic LTP and anoxic LTP, experiments were planned so that gerbils from a single group were not prepared consec utively, i.e, gerbils from different groups were analyzed in random order to avoid interexperimental differences.
Tetanic long-term potentiation
For the experiment evaluating changes in tetanic LTP after ischemia, hippocampal slice preparations were made from four normal control gerbils (2 to 5 slices from each gerbil for a total of 17 slices), five gerbils 2 to 3 days after the preconditioning ischemia (4 to 5 slices from each gerbil, total 21 slices), five gerbils I to 2 days after the double ischemia (3 to 5 slices from each gerbil, total 20 slices), and eight gerbils 7 to 8 days after the double ischemia (2 to 9 slices from each gerbil, total 34 slices). After obtaining stable recording of fEPSP for at least 10 minutes, tetanic stimulation, which consisted of two trains of 100 pulses at 100 Hz with an interval of 20 seconds, was given to Schaffer collateral and commissural afferents using the same bipolar electrodes for the baseline stimulation. Monitoring of fEPSP was continued for at least 30 minutes after tetanic stimu lation.
Latency of anoxic depolarization
Hippocampal slice preparations were made from five gerbils 2 days after the sham operation and five gerbils 2 days after the preconditioning ischemia. Two slices from each group were placed in a single chamber, and DC potentials were continu ously recorded from both slices (30 pairs). After obtaining stable recording of DC potentials, the perfusate was changed from the ACSF to the anoxic-aglycemic medium. The latencies from the start of in vitro anoxia to anoxic depolarization were recorded in both slices. The perfusate was changed back to the normal ACSF a few minutes after the onset of anoxic depolar ization in both slices or otherwise at 10 minutes after the ini tiation of in vitro anoxia.
Anoxic long-term potentiation
Hippocampal slice preparations were made from 13 normal control gerbils, 8 gerbils 2 to 3 days after the sham operation, II gerbils 2 to 3 days after the preconditioning ischemia, and 5 gerbils 9 days after the preconditioning ischemia (1 to 4 slices from each gerbil). Slices were first perfused with the ACSF for 2 hours and then the CAl region was isolated from the CA3 by a knife-cut to prevent spread of bursting activity from the latter regions. Slices were then perfused for at least 30 minutes with a modified ACSF containing 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, IS f,LmollL), bicuculline (10 f,LmollL), and a low concentration of MgS04 (0.1 mmollL) to completely block DL-a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and ),-aminobutyric acid type A (GABA A ) receptors and permit the observation of only NMDA receptor-mediated transmission (Crepel et aI., 1993a) . After obtaining a stable series of fEPSP for at least IS minutes, slices were subjected to in vitro anoxia for 2 to 3 minutes. Then, the perfusate was changed back to the oxygenated modified ACSF and monitor ing of fEPSP was continued for at least 30 minutes thereafter.
Statistical analysis
Data are presented as means ± SD. Comparisons of percent ages of slices exhibiting tetanic or anoxic LTP (LTP-positive slices) in each animal in four groups were made using one-way analysis of variance followed by Scheffe's F test. Percentages of LTP-positive slices to all slices in each group were also compared using X2 test for independence. Comparison of la tencies of anoxic depolarization was made using the unpaired Student's t test.
RESULTS
Capacity for long-term potentiation is inhibited 1 to 2 days after double ischemia but later recovers Typical synaptic responses before and after tetanic stimulation in hippocampal slices from gerbils in each group are shown in Fig. 1 . In slices from normal control gerbils, tetanic stimulation of Schaffer collateral or com missural fibers induced a potentiation of fEPSP in the dendritic field of the CA I region. Long-lasting synaptic J Cereb Blood Flow Metab, Vol. 18, No.3, 1998 potentiation was manifested as an increase in maximum rate of the initial rise of fEPSP, which was more than 150% and lasted for at least 30 minutes (Fig. lA) . This type of robust L TP was observed in 76.5% of the exam ined slices prepared from normal control gerbils. Similar potentiation of fEPSP after tetanic stimulation (Fig. IB) was observed in 81.0% of the examined slices prepared from gerbils 2 to 3 days after the preconditioning isch emia. In contrast, in the slices prepared from gerbils 1 to 2 days after the double ischemia, tetanic stimulation failed to induce robust potentiation of fEPSP. The in crease in the initial slope of fEPSP in these slices, if any, was less than 150% or did not last as long as that ob served in slices prepared from normal control gerbils (Fig. 1 C) . Robust LTP was detected in only 15.8% of the examined slices prepared from gerbils in this group. However, 71.9% of the slices from gerbils 7 to 8 days after double ischemia again manifested robust potentia tion of fEPSP after tetanic stimulation (Fig. I D) . The difference in the percentages of slices that exhibited ro bust L TP was statistically significant between normal control gerbils and gerbils 1 to 2 days after double isch emia. It was also significant between gerbils 1 to 2 days after the double ischemia and gerbils 7 to 8 days after the double ischemia, but was not significant between normal control gerbils and gerbils 7 to 8 days after the double ischemia (Fig. 2) .
Preconditioning ischemia does not change latency of anoxic depolarization
In most hippocampal slices, DC potential suddenly decreased by 5 to 10 m V within 5 minutes after changing the perfusate to the anoxic-aglycemic medium (Fig. 3A) . In a small number of slices, anoxic depolarization was not observed during in vitro anoxia for as long as 10 minutes. Thus, in 22 of 30 pairs of slices from sham operated gerbils and preconditioned gerbils, anoxic de polarization was observed in both slices of the pair. In the 22 pairs, anoxic depolarization occurred earlier in a slice from a sham-operated gerbil in 14 pairs and earlier in a slice from a preconditioned gerbil in 8 pairs of slices. When the mean latencies of anoxic depolarization were calculated in slices that exhibited anoxic depolarization within 10 minutes, they were 2.88 ± 1.90 minutes (28 slices) in the sham-operated group and 3.00 ± 1.85 min utes (24 slices) in the preconditioned group, which were not significantly different (Fig. 3B) . The amplitudes of the anoxic depolarization in the two groups were 19 ± 7 and 20 ± 7 mY, which were also not significantly dif ferent.
Preconditioning ischemia inhibits anoxic long-term potentiation
Changing the perfusate from the normal ACSF to the modified ACSF containing CNQX and low Mg 2 + re sulted in NMDA-mediated fEPSP that were character- ized by a long duration and a slower decay. It was re ported that a brief period of in vitro anoxia resulted in subsequent long-lasting potentiation of NMDA-mediated ffiPSP (Crepel et aI., 1993b) . We observed this type of anoxic L TP in the slices from normal control gerbils. A brief period of in vitro anoxia induced a sudden decrease and then disappearance of ffiPSP. Changing the medium back to the oxygenated modified ACSF resulted in a gradual recovery followed by long-lasting potentiation of ffiPSP (anoxic LTP) (Fig. 4A) . However, it was some what more difficult to observe anoxic LTP in the modi fied ACSF than to observe tetanic L TP in normal ACSF. In normal ACSF, recording of ffiPSP and induction of tetanic L TP was possible as long as 10 hours after prepa ration of slices. Tn modified ACSF, it was difficult to obtain a stable series of ffiPSP if slices were incubated longer than 6 hours. Therefore, we examined only slices with an incubation time shorter than 6 hours (maximal 4 slices from one gerbil). Anoxic LTP was observed in 51.4% of the examined slices prepared from normal con trol gerbils. Similarly, anoxic LTP was observed in 60.9% of slices prepared from gerbils 2 to 3 days after the sham operation (typical recording shown in Fig. 4B ). However, anoxic L TP was rarely observed in slices pre pared from gerbils 2 to 3 days after the preconditioning ischemia. Although ffiPSP gradually recovered after in vitro anoxia in these slices, they never reached the level observed before in vitro anoxia (Fig. 4C ). Only 11. 1 % of slices prepared from gerbils 2 to 3 days after the precon ditioning ischemia exhibited anoxic LTP. In contrast, slices prepared from gerbils 9 days after preconditioning ischemia again showed anoxic LTP (Fig. 4D ). Anoxic L TP was observed in 53.8% of slices from gerbils in this group. The percentage of slices that exhibited anoxic LTP in gerbils 2 to 3 days after preconditioning was significantly smaller than those in normal control gerbils K. KAWAI ET AL. normal control 2-3 days after 1-2 days after 7-8 days after preconditioning double ischemia double ischemia ischemia and in sham-operated gerbils (Fig, 5) . The ratio of L TP positive slices to total slices in gerbils 9 days after pre conditioning was greater than that in gerbils 2 to 3 days after preconditioning (X 2 test for independence, P = 0.004).
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DISCUSSION
We previously reported that a majority of CA l pyra midal neurons lost the capacity for tetanic L TP at 7 to 30 hours after a single 5 minutes of ischemia. Then 4 to 5 days after ischemia, no synaptic potential could be re corded from CA I neurons (Kirino, et aI., 1992) , concur rent with histologic observation of neuronal loss (Kirino, 1982) . In contrast, we found that the capacity for tetanic L TP in CA l neurons was preserved 7 to 8 days after 5 minutes of ischemia when gerbils had been precondi tioned with 2 minutes of ischemia. It is remarkable that the capacity for L TP in CA I pyramidal neurons de creased at 1 to 2 days after the double ischemia but it recovered several days later (Figs. I and 2) . The electro physiologic signs of recovery are in line with the results of our previous morphologic study using the same gerbil model of ischemic tolerance (Kirino, et aI., 199 1) . Elec trophysiologic experiments using brain slices may not completely reflect the in vivo environment. This is espe cially true in recirculation phases after ischemia. The capacity for L TP should ultimately be examined in an in vivo study by electrophysiologic method. However, com parison of our previous and present findings in hippo campal slices suggested that ischemic tolerance acquired by preconditioning ischemia results in not only morpho-
logic preservation of CA l neurons but also functional recovery after subsequent lethal ischemia.
The role of intracellular signal transduction has been emphasized in the mechanism of LTP. The protease cal pain, phosphatases such as calcineurin, phospholipases, and protein kinases have been implicated in a process of expression of L TP (Oliver et aI., 1989; Ikegami et aI., 1996; Malenka et aI., 1989) , These calcium-dependent enzymes are activated by elevation of intracellular Ca 2 + via not only activation of NMDA channels but also cal cium release from internal stores triggered by inositol 1,4,5-triphosphate (IP 3)' Interestingly, IP 3 binding in the CA I area showed a transient reduction at 1 day and then recovered to a control lcvel at 7 days after the double ischemia (Kato et aI., 1992b) . The similar postischemic time course of the changes in IP3 binding and the capac ity for LTP, along with the essential role of IP3 in ex pression of L TP, suggests that transient inhibition and subsequent recovery of the capacity for L TP after the double ischemia was mediated by postischemic alter ations in second-messenger systems.
The mechanism by which acquired tolerance protects neurons is still controversial. Involvement of a variety of potential neuroprotectants has been suggested, such as HSP70 (Kirino et aI., 199 1; Aoki et aI., 1993a; Aoki et aI., 1993b; Liu et aI., 1993; Nishi et aI., 1993; Glazier et aI., 1994) , ubiquitin (Kato et aI., 1993) , superoxide dis mutase (Ohtsuki et aI., 1992; Kato et aI., 1995) , the on cogene bcl-2 (Shimazaki et aI., 1994) , and interleukin-1 (Ohtsuki et aI., 1996) . It appeared that those neuropro tectants induced by the preconditioning ischemia do not reduce the severity of the second lethal ischemia per se of hippocampal slices prepared from a gerbil 2 days after the preconditioning ischemia and a gerbil 2 days after the sham op eration. The slices were placed in a single recording chamber and in vitro anoxia was given. Anoxic depolarization, indicated as a sudden decrease in DC potential, was observed almost simul taneously in both slices. (6) Bar graphs showing the mean laten cies of anoxic depolarization from the initiation of in vitro anoxia in hippocampal slices prepared from five gerbils 2 days after the preconditioning ischemia (24 slices) and five gerbils 2 days after the sham operation (28 slices). The mean latencies were not significantly different between two groups.
but exert their protective effects by acting on the subse quent cascade of degenerative processes. This is sup ported by the observation that the preconditioning isch emia did not alter the amount of excitatory and inhibitory neurotransmitters released during the second ischemia (Nakata et aI., 1992) . The initial major event in the processes of ischemic neuronal injury is a rapid and large depolarization con comitant with breakdown of ion homeostasis (Haddad and Jiang, 1993) . Latency of anoxic depolarization gen erally correlates inversely with intensity of neuronal damage because the earlier depolarization of neurons re sults in the longer exposure to the disturbed cellular en vironment (Somjen et aI., 1990) . Indeed, hypothermia, which has a strong protective effect on ischemic neurons (Busto et aI., 1987) , delays anoxic depolarization (Kat sura et aI., 1992). In contrast, in the ischemic tolerance paradigm, we found that the preconditioning ischemia did not change latency of anoxic depolarization. Again, our observation in hippocampal slices may not reflect the in vivo situation because latency of anoxic depolarization may be affected by extracellular concentration of potas sium and glucose, which is different from the in vivo condition. However, latency ischemic depolarization re corded in vivo during the second ischemia was similarly not affected by preconditioning ischemia in the same gerbil model (Abe and Nowak, personal communica tion) . Thus, it was indicated that acquired tolerance does not reduce the impact in the very initial phase of the second lethal ischemia per se.
A recent pharmacologic study revealed that activation of ATP-sensitivc K+ channels (KA T P channels) is neces sary (but not sufficient) for the expression of ischemic tolerance (Heurteaux et aI., 1995) . These channels are normally inhibited by physiologic levels of ATP. A de crease in cytosolic ATP concentration opens these chan nels and leads to membrane hyperpolarization. The au thors speculated that adenosine released during the pre conditioning ischemia activates KA TP channels via adenosine A I receptors and protects against the second ischemia by either inhibiting presynaptic glutamate re lease (Amoroso et aI., 1990; Ben-Ari et aI., 1990) or decreasing glutamate toxicity because of postsynaptic hyperpolarization (Mourre et aI., 1989) . However, it seems difficult to explain with this hypothesis the de layed time course of tolerance induction in the brain (Kato, et aI., 199 1) , and is unlikely in ischemic tolerance observed in cardiac myocytes (Murry et aI., 1986; Gross and Auchampach, 1992) . It also cannot explain the ob servations of Nakata et aI. (1992) and of our present study that the preconditioning ischemia did not change latency of anoxic depolarization and neurotransmitter re lease. The exact role of KA T P channels in ischemic tol erance in the brain remains to be elucidated.
Although the preconditioning ischemia did not change latency of anoxic depolarization, it inhibited anoxic L TP in hippocampal slices prepared during the period of tol erance expression. The observation indicates that the pre conditioning ischemia affected the response of NMDA receptors to anoxia in a delayed fashion. In view of the significant roles of NMDA receptors and elevation of intracellular calcium in ischemic neuronal injury (Choi, 1990) , it is speculated that inhibition of postanoxic long lasting overactivation of NMDA receptor-mediated re sponses may attenuate subsequent neuronal damage. Al though the exact role of anoxic L TP in in vivo ischemia has not been fully determined, similar increases in NMDA receptor-mediated responses and calcium uptake were observed in the in vivo condition (Andine et aI., 1988 (Andine et aI., , 1992 or in hippocampal slices prepared after in vivo ischemia (Urban et ai., 1990; Hori and Carpenter, 1994) . Thus, induced tolerance may protect neurons by preventing postischemic overactivation of NMDA recep tors and reducing elevation of intracellular calcium con centration. Experiments with direct visualization of in- Before anoxi a tracellular calcium concentration in hippocampal slices with or without prior in vivo preconditioning ischemia may be a possible experimental paradigm to further sup port the speculation. The role of Ca 2 + -permeable AMP A receptors in the process of neuronal injury after a single 5 minutes of ischemia has also been reported (Tsub okawa et aI., 1994) . The possibility that receptors other than NMDA receptors are involved in the mechanisms of tolerance cannot fully be excluded. However, from our results showing that L TP induction in the tolerance acquired hippocampus was similar to that in the control (Fig. 1) , it is unlikely that AMPA receptors were modi fied in the process of induction of tolerance. Although the means by which transient anoxia and ischemia induce subsequent long-lasting overactivation of NMDA receptor-mediated responses is not fully elu cidated, a mechanism mediated by the redox modulation of the NMDA receptors was suggested (Gozlan et aI., 1994) . NMDA receptor-mediated responses were en hanced by disulfide-reducing drugs such as dithiothreitol and decreased by thiol-oxidizing reagents such as 5,5' dithiobis-2-nitrobenzoic acid (DTNB). Thus, reducing conditions during oxygen deprivation may potentiate NMDA receptor-mediated responses via the reduction of disulfide bonds of cysteine residues of the receptors (Hammond et aI., 1994; Gozlan and Ben-Ari, 1995) . In- Hippo campal slices were prepared from 13 normal control gerbils (35 slices), 8 gerbils 2 to 3 days after the sham operation (23 slices), 11 gerbils 2 to 3 days after the precon ditioning ischemia (27 slices), and 5 gerbils 9 days after the precondi tioning ischemia (13 slices). The percentage of slices that exhibited anoxic L TP in gerbils 2 to 3 days after preconditioning was signifi cantly smaller than those in normal control gerbils and in sham operated gerbils. The difference in the percentages of anoxic L TP positive slices between gerbils 2 to 3 days after preconditioning and gerbils 9 days after preconditioning was not statistically significant al though it was significant when the percentages of anoxic L TP-positive slices to all slices in each group were compared (x2 test for indepen dence, P = 0.004).
normal control 2-3 days after sham operation 2-3 days after preconditioning ischemia 9 days after preconditioning ischemia terestingly, anoxic LTP could not be generated in the presence of DTNB, although DTNB did not prevent te tanic L TP in physiologic conditions (Hammond et al., 1994) . We observed that the capacity for tetanic L TP was preserved (Figs. 1B and 2) although anoxic L TP was inhibited during the period of tolerance expression (Figs. 4C and 5). It was suggested that induction and expression of ischemic tolerance may be associated with redox modulation of NMDA receptors. However, this is not necessarily the only possibility, because NMDA recep tors are modulated by a variety of factors, such as pH, mechanical swelling of neurons, extracellular glycine, intracellular arachidonic acid, protein kinase C activity, activity of protein tyrosine kinases, and stability of the cytoskeleton (Hammond et al., 1994) .
